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Migrating cells extend protrusions to establish
new adhesion sites at their leading edges. One
of the driving forces for cell migration is the
directional trafficking of cell-adhesion mole-
cules such as integrins. Here, we show that
the endocytic adaptor protein Numb is an
important component of the machinery for
directional integrin trafficking in migrating cells.
Numb binds to integrin-bs and localizes to
clathrin-coated structures (CCSs) at the sub-
stratum-facing surface of the leading edge.
Numb inhibition by RNAi impairs both integrin
endocytosis and cell migration toward integrin
substrates. Numb is regulated by phosphoryla-
tion since the protein is released fromCCSs and
no longer binds integrins when phosphorylated
by atypical protein kinase C (aPKC). Because
Numb interacts with the aPKC binding partner
PAR-3, we propose a model in which polarized
Numb phosphorylation contributes to cell
migration by directing integrin endocytosis to
the leading edge.
INTRODUCTION
Integrins are major cell-adhesion receptors and play key
roles in development, immune response, and cancer
metastasis. These heterodimeric transmembrane recep-
tors, composed of an a and a b subunit, bind to the extra-
cellular matrix and initiate intracellular signaling events
that regulate cell migration (Webb et al., 2002; Ridley
et al., 2003). Focal adhesions are multiple assemblies of
proteins that form at the sites of clustered integrin adhe-
sion. The components of focal adhesions, such as talin,
vinculin, focal adhesion kinase (FAK), and paxillin, anchor
bundles of actin stress fibers and convey signals intracel-
lularly. Focal-adhesion formation at the cell front and dis-
assembly at the rear are critical for the migration of many
adherent cells. The assembly of focal adhesions is driven
by Rho GTPase and integrin engagement (Kaibuchi et al.,
1999; Webb et al., 2002). In contrast, calpain-mediatedDcleavage of talin controls focal-adhesion disassembly
(Franco et al., 2004). It has been proposed that integrins
are recycled from the rear of a cell to its front via endocy-
tosis (Bretscher and Aguado-Velasco, 1998). A part of
internalized integrin was shown to be recycled via Rab4-
dependent early recycling endosomes or Rab11-depen-
dent late recycling endosomes (Roberts et al., 2001;
Jones et al., 2006). Indeed, recycling of integrins plays
a role in cell migration in several cells, and recent papers
have provided mechanistic insight into how integrin traffic
is regulated (Jones et al., 2006; Pellinen and Ivaska, 2006).
However, the molecular mechanisms for how integrin is
internalized at the specialized cell area are largely
unknown.
Numb directly binds to several endocytic proteins,
including a-adaptin and Eps15 (Salcini et al., 1997; Santo-
lini et al., 2000). Numb is thought to be a PTB domain
containing a cargo-specific adaptor protein, which selec-
tively binds to certain transmembrane receptors and links
them to the endocytic machinery for internalization of
receptors (Traub, 2003; Sorkin, 2004). Numb was origi-
nally implicated in the cell-fate determination of peripheral
and central nervous system development in Drosophila
(Betschinger and Knoblich, 2004; Roegiers and Jan,
2004). During neuroblast and sensory organ precursor
cell division, Numb localizes asymmetrically and segre-
gates into the one daughter cell. Numb may influence
cell fate by downregulating Notch signaling through polar-
ized endocytosis of Notch, because Numb binds to the
intracellular domain of Notch (Berdnik et al., 2002). We
previously reported that Numb localizes to the tip of grow-
ing axons in cultured hippocampal neurons and plays
a role in the internalization of L1, a neuronal cell-adhesion
molecule, for axon growth (Nishimura et al., 2003). Inter-
nalized L1 is transported to the leading edge of the growth
cones by microtubule-dependent transport and is in-
serted into the plasma membrane to form new adhesions
(Kamiguchi and Lemmon, 2000).
We here report the role of Numb in integrin endocytosis
for directional cell migration. In addition, a multifunctional
PAR polarity complex regulates the localization and func-
tion of Numb. Characterizing the localization and function
of Numb as a cargo-selective adaptor in migrating cells
provides the basis for further understanding of cell migra-
tion and recycling of cell-adhesion molecules.evelopmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc. 15
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Integrin Endocytosis and Polarized MigrationFigure 1. Numb Localizes to Clathrin-Coated Structures at the Substratum-Facing Surface
(A) Numb preferentially localizes to clathrin-coated structures (CCSs) at the substratum-facing surface. HeLa cells were fixed shortly after wounding
and were stained with the indicated antibodies and phalloidin to visualize F-actin. The enlarged images in the boxed area and the x-z images along
with the line in the picture are shown (bottom).
(B) Numb polarizes toward the leading edge and the rear in ECV304 cells (as indicated by arrows). The scale bars are 10 mm.
(C) Specificity of the anti-Numb antibody. Asterisks indicate the Numb-suppressed HeLa cells by siRNA.
(D) Localization of Numb to CCSs is dependent on its DPF motif in Vero cells. The scale bar is 5 mm.
(E) Domain structure and mutants of Numb. D/N, DLA/NLA mutant. Circles, normal localization to CCSs; triangles, weak localization; crosses, unde-
tectable localization.
(F) Knockdown of Numb, AP-2, and clathrin in HeLa cells by siRNA.
(G) Localization of Numb to CCSs is dependent on the AP-2 complex in HeLa or Vero cells. Essentially similar results were observed in both cell types.
Data are from Vero cells (siNumb) or HeLa cells (siAP-2). Asterisks indicate the depleted cells by each siRNA. The scale bar is 10 mm.RESULTS
Localization of Numb to Clathrin-Coated Structures
We first examined the subcellular localization of Numb in
several cell lines. Numb preferentially localized to the
AP-2-positive clathrin-coated structures (CCSs) at the
substratum-facing surface in HeLa epithelial-like cells
(Figure 1A). However, Numb did not always localize to all
of the AP-2-positive CCSs at the basal surface. The
puncta of Numb were polarized toward the leading edge
and sometimes, but not always, toward the rear in migrat-
ing ECV304 endothelial cells (Figure 1B), Vero fibroblasts,
and HeLa cells (see below). Numb has been reported to
localize not only to CCSs at the plasma membrane, but
also to early endosomes, late endosomes, and trans-Golgi
networks (Santolini et al., 2000). However, Numb puncta
were colocalized neither with EEA1, an early endosome16 Developmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inmarker (Figure S3C; see the Supplemental Data available
with this article online), nor g-adaptin, a trans-Golgi
network marker (data not shown). The punctate staining
of Numb at the substratum-facing surface was strongly
reduced upon knockdown of the protein by Numb siRNA
(Figures 1C and 1F; Figure S1A), indicating that Numb
staining is specific. In addition, we detected Numb immu-
nostaining in the nucleus, which did not disappear upon
Numb knockdown and is therefore considered nonspe-
cific.We confirmed these observations by using a different
anti-Numb antibody (Figure S1D).
Consistentwith the immunostaining,we found thatGFP-
fused, full-length Numb preferentially localized to the AP-
2-positive CCSs at the substratum-facing surface
(Figure 1D; Figures S2A and S2D). To test which region
of Numb is important for the localization, we used several
Numb mutants. The C-terminal part of Numb (Numb-PRR)c.
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Integrin Endocytosis and Polarized MigrationFigure 2. Numb Polarizes toward the Leading Edge and Localizes around Focal Adhesions
(A) Numb polarizes toward thewound edge. Three hours after wounding, HeLa cells were fixed and stained. Dashed lines indicate the leading edge, as
judged by phallioidin staining.
(B) Quantitative analysis for the localization of Numb and a-adaptin in directionally migrating HeLa cells after wounding.
(C) Numb localizes around focal adhesions in directionally migrating cells. Four hours after wounding, HeLa cells were fixed and stained.
(D) Quantitative analysis for the distribution of Numb and a-adaptin in adhesion and nonadhesion areas. The distribution of Numb and a-adaptin in
each area was judged by vinculin or GFP-zyxin as adhesion markers.
(E) Numb localizes around focal adhesions. HeLa cells were fixed 1 hr after replating on fibronectin (FN)- or collagen (Col)-coated coverslips or 2 hr
after incubation with 0.1 mM cytochalasin-D (CCD) or 10 mM nocodazole (Noco) in the absence of serum.
(F) Numb preferentially accumulates around focal adhesions as compared with CCSs. HeLa cells stably expressing GFP-zyxin or GFP-clathrin-light-
chain (CLC) were fixed 1 hr after replating on collagen-coated coverslips. The scale bars are 10 mm.weakly localized to CCSs, whereas the N-terminal part of
Numb (Numb-PTB) did not (data not shown; Figure 1E).
Mutations in the a-adaptin-binding DPF motif (Numb-
full-DLA) strongly reduced the localization to CCSs,
whereas those in the Eps15-binding NPF motif (Numb-
full-NLA) did not (Figures 1D and 1E; Figure S2B).
Thus, the a-adaptin-binding DPF motif is required for
the localization to CCSs, and the N-terminal part of
Numb may control its localization. In addition, the punc-
tate staining of Numb disappeared by suppression of the
AP-2 complex by m2-adaptin siRNA (Figures 1F and 1G).
In contrast, the suppression of clathrin-heavy-chain did
not affect the localization of Numb (Figure S2C) and
AP-2 (Motley et al., 2003). The punctate staining of a-
adaptin and clathrin-heavy-chain (data not shown) was
not affected by the suppression of Numb. These results
indicate that the AP-2 complex is required for the locali-
zation of Numb to CCSs.DNumb Polarizes toward the Leading Edge
and Localizes around Focal Adhesions
We characterized the localization of Numb in more detail
in migrating HeLa cells. HeLa cells directionally migrated
into the wounding area in an in vitro wound-healing assay
(see Figure 4G). Numb accumulated at the cell front just
inside the leading edge. To quantify the Numb localization,
we compared the localization of Numb and a-adaptin
simultaneously at the substratum-facing surface shortly
after and 3 hr after wounding (Figures 1A and 2A). Quanti-
tative analysis revealed that the distribution of a-adaptin-
positive CCSs was polarized toward the leading edge
(Figure 2B), as reported in migratingMDCKII cells (Rappo-
port and Simon, 2003). However, Numb was more mark-
edly distributed near the leading edge among a-adaptin-
positive CCSs after wounding. Thus, Numb localization
becomes polarized coincidently with directional migra-
tion, which is not reflected by the global change of theevelopmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc. 17
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Integrin Endocytosis and Polarized Migrationdistribution of CCSs at the substratum-facing surface. A
similar distribution of Numb was observed in migrating
ECV304 cells and Vero cells (Figure 1B; Figures S3A–
S3D).
Migrating cells form many adhesion sites at the cell
front to facilitate the migration. However, AP-2-positive
CCSs almost uniformly distribute at the substratum-fac-
ing surface irrespective of the position of adhesions (see
below). Thus, we investigated the distribution of Numb-
positive CCSs and adhesion sites. As expected, Numb
did not colocalize with vinculin-positive adhesions at the
substratum-facing surface (Figure 2C). Numb preferen-
tially localized around adhesion sites in directionally
migrating HeLa cells after wounding. This observation
was confirmed by measuring the fluorescence intensity
of Numb at the adhesion area and the adjacent nonadhe-
sion area (Figure 2D). To further examine whether Numb
localizes around adhesions, we replated HeLa cells on
fibronectin- or collagen-coated coverslips to activate
integrin adhesions. Numb accumulated around vinculin-
positive focal adhesions at the cell peripheral region 1 hr
after plating (Figures 2D and 2E). To directly compare
the distribution of Numb and CCSs relative to that of ad-
hesions, we established HeLa cell lines stably expressing
GFP-zyxin or GFP-clathrin-light-chain as a marker. Numb
was markedly distributed in adhesion areas labeled by
GFP-zyxin or endogenous vinculin, whereas endogenous
a-adaptin or GFP-clathrin-light-chain were nearly equally
distributed in both areas at the substratum-facing surface
(Figures 2D and 2F). These results indicate that Numb
preferentially localizes around focal adhesions among
CCSs.
To further investigate Numb localization, we examined
the contribution of actin and themicrotubule cytoskeleton.
When resting HeLa cells were treated with nocodazole to
depolymerize microtubules, cells formed enlarged adhe-
sions. Under these conditions, there was a marked accu-
mulation of Numb around large focal adhesions (Figures
2D and 2E; Figure S4A). However, when adhesions were
reduced upon partial disruption of F-actin by cytochala-
sin-D, Numb randomly distributed to a-adaptin-positive
CCSs irrespective of the position of the remaining small
adhesions. These results suggest that F-actin and/or the
adhesion itself, but not microtubules, are important for
the preferential localization of Numb around adhesions.
However, Numb still localized at the basal surface under
both conditions (data not shown).
Numb Binds to Integrin and Functions
in Integrin Endocytosis
Localization of Numb around focal adhesions at the
substratum-facing surface prompted us to examine
whether Numb interacts with integrin and controls integrin
endocytosis. Some Numb-positive puncta (10% of the
total) colocalized with cell-surface integrin-b1 at the
substratum-facing surface in directionally migrating
HeLa cells (Figure 3A). GST-Numb-PTB precipitated
integrin-b1 and integrin-b3 from rat brain lysate, whereas
GST-Numb-PRR did not (Figure 3B). Similar results were18 Developmental Cell 13, 15–28, July 2007 ª2007 Elsevier Incobtained from HeLa cell lysate (data not shown). The
PTB domain of Numb has been shown to consistently
and directly bind to the integrin-b cytoplasmic region
(Calderwood et al., 2003). However, Numb did not bind the
components of focal adhesions, such as talin, FAK, vinculin,
paxillin, anda-actinin.GST-Numb-full weakly interactedwith
integrin-b1 and integrin-b3 compared to GST-Numb-PTB,
suggesting that the interaction may be regulated by its
C-terminal part. In addition, Numb weakly immunoprecipi-
tated integrin-b1 from HeLa cells (Figure 3C). These results
raise the possibility that Numb binds to integrin in vivo
and functions in integrin endocytosis.
To examine the implication of Numb in integrin endocy-
tosis, we next visualized the internalized integrin-b in
directionally migrating HeLa cells. Endocytic compart-
ments labeled with the anti-integrin-b1 antibody showed
the punctate localization of internalized integrin-b1. The
suppression of Numb resulted in the reduction of internal-
ized integrin-b1-positive vesicles (Figures 4A and 4B). We
further examined the effects of Numb knockdown in
rounded HeLa cells after reseeding on poly-D-lysin
(PDL) to simplify the internalization assay. Numb knock-
down inhibited both integrin-b1 and integrin-b3 endocy-
tosis, whereas it did not inhibit transferrin endocytosis
(Figures 4C and 4D; Figure S4B). For rescue experiments,
we produced siRNA-resistant (sr) Numb mutants with
silent mutations (see Figure 7D). The expression of
sr-GFP-Numb-full recovered the defects of Numb knock-
down on integrin-b1 endocytosis (see Figure 7E), indicat-
ing that the effect of Numb RNAi is specific. The suppres-
sion of AP-2 or clathrin more profoundly inhibited
integrin-b1, integrin-b3, and transferrin endocytosis un-
der the same conditions (Figures 4A–4D). These results
indicate that Numb functions in integrin endocytosis,
but is not required for the process of clathrin-dependent
endocytosis.
Numb Is Required for Integrin-Stimulated
Cell Migration
We next investigated whether Numb controls integrin-
dependent cell migration by using the Boyden chamber
assay, which enabled us to count the cells migrating
toward the extracellular matrix. HeLa cells moved toward
fibronectin and collagen, but not toward nonphysiological
matrix PDL, through the membrane in a growth-factor-
independentmanner (Figure 4E). The knockdown of Numb
resulted in a marked reduction of integrin-stimulated cell
migration toward fibronectin and collagen. More severe
defectswere observed in theAP-2- or clathrin-suppressed
cells. The Numb-suppressed cells spread normally with
a slight delay after reseeding (Figure 4F), suggesting that
the suppression of Numb does not affect cell adhesion
on the matrix and subsequent cell spreading. In contrast,
suppression of AP-2 or clathrin significantly delayed the
spreading. A time-course analysis, however, indicated
that over 80% of the knockdown cells finally spread at
12 hr after reseeding (Figure S4C; data not shown). Thus,
cell death could not account for the observed defects of
integrin endocytosis and cell migration. In addition, the.
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Integrin Endocytosis and Polarized MigrationFigure 3. Numb Interacts with Integrin
(A) Numb polarizes toward the wound edge and colocalizes with integrin-b1 in directionally migrating cells. Four hours after wounding, HeLa cells
were incubated with anti-integrin-b1 antibody for 10 min before fixation. Arrows indicate colocalization of Numb and integrin-b1. The scale bar is
10 mm.
(B) Numb interacts with integrin-b1 and integrin-b3 in vitro. GST-protein-immobilized beads were incubated with rat brain lysate. The GST fusion pro-
teins are indicated by Coomassie brilliant blue (CBB) staining. Black dots indicate each intact band.
(C) In vivo interaction of Numb with integrin-b1 in resting HeLa cells.Numb-suppressed cells, as well as AP-2- or clathrin-
suppressed cells, slowly migrated into the wounding
area (Figures 4G and 4H). Relatively weak defects in the
wound-healing assay might be due to integrin-indepen-
dent signals, such as growth factors in the serum and/or
differences in the basic mechanism of migration, partially
compensating for the defects of integrin endocytosis.
These results indicate that Numb-mediated integrin endo-
cytosis is not required for cell spreading, but is instead
required for cell migration toward integrin substrates.
Numb Binds to the PAR Polarity Complex, PAR-3
To further explore the regulatory mechanisms underlying
the polarized localization and functions of Numb, we
investigated the interaction of Numb with the PAR polarity
complex, composed of PAR-3, PAR-6, and aPKC,
because the PAR polarity complex localizes at the leadingDedge and functions in polarized cell migration (Macara,
2004; Suzuki and Ohno, 2006). Numb coimmunoprecipi-
tated PAR-3 and aPKC in HeLa cells (Figure 5A) and in
rat brain lysate (Figure S5A). Reciprocally, Numb was
coimmunoprecipitated with PAR-3 and aPKC, indicating
that a part of Numb physiologically forms a complex
with PAR-3 and aPKC. GST-Numb-PTB, but not GST-
Numb-PRR, efficiently precipitated myc-PAR-3-full and
myc-aPKCl-WT and weakly precipitated myc-PAR-6-
WT (Figure 5B). To examine which region of PAR-3 is
responsible for the interaction with Numb, various deletion
fragments of PAR-3 were tested. Endogenous Numb
specifically interacted with GST-PAR-3-4N and GST-
PAR-3-4N/1, but not with GST-PAR-6-WT (Figure 5C).
Recombinant GST-Numb-PTB bound to MBP-PAR-3-4N
in vitro (Figure S5B), indicating that Numb directly binds
to PAR-3.evelopmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc. 19
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Integrin Endocytosis and Polarized MigrationFigure 4. Numb Is Required for Integrin Endocytosis and Integrin-Stimulated Cell Migration
(A) Knockdown of Numb inhibits integrin endocytosis in directionally migrating cells. Four hours after wounding, HeLa cells were incubated with anti-
integrin-b1 antibody for 20 min. Internalized integrin-b1 and F-actin are shown in red and blue, respectively. Images represent projection views of
several confocal sections that covered the middle region of cells. The scale bar is 10 mm.
(B) Quantitative analysis of the internalized integrin-b1 shown in (A). Total immunofluorescent intensity of internalized integrin-b1 wasmeasured in the
front cells toward the wounding area.
(C) Suppression of Numb inhibits integrin endocytosis, but not transferrin endocytosis. HeLa cells were reseeded on PDL-coated coverslips for 1 hr,
followed by an internalization assay. Internalized marker and F-actin are shown in red and blue, respectively. Images represent projection views of
several confocal sections that covered the middle region of cells. The scale bar is 20 mm.
(D) Quantitative analysis of the transferrin and integrin endocytosis shown in (C). Endocytosis-positive cells were scored compared with control cells
as described in Experimental Procedures. Asterisks indicate a significant difference (p < 0.01) from the value of control siScramble-transfected cells.
(E) Suppression of Numb impairs integrin-stimulated cell migration. HeLa cells were transfected with the indicated siRNA, and the Boyden chamber
migration assay toward poly-D-lysin (PDL), fibronectin (FN), or collagen (Col) was performed. Asterisks indicate a significant difference (p < 0.01) from
the value of control siScramble-transfected cells.
(F) Suppression of Numb does not affect cell spreading. HeLa cells were replated on PDL for 3 hr or fibronectin and collagen for 45 min.
(G) Knockdown of Numb inhibits cell migration in a wound-healing assay. Images were captured shortly after wounding (upper panels) and 6 hr after
wounding (lower panels). Arrowheads indicate the cell front. The scale bar is 30 mm.
(H) Quantitative analysis of the wound-healing assay in (G). Themigration distance over 6 hr was evaluated as described in Experimental Procedures.aPKC Phosphorylates Numb In Vitro and In Vivo
We next investigated whether Numb is phosphorylated by
aPKC in vitro. GST-Numb-PTB, GST-Numb-NT, andGST-
Numb-PTB/N, all of which contain most of the N-terminal
part of Numb, were phosphorylated by aPKC in vitro (Fig-
ures 5D and 5E). The N-terminal part of Numb contains
one putative PKC phosphorylation site (S-X-[R/K]) at
Ser7, and Ala substitution of Ser7 abolished the phos-
phorylation of GST-Numb-PTB. The C-terminal part of
Numb, GST-Numb-PRR and GST-Numb-PRR/1, was20 Developmental Cell 13, 15–28, July 2007 ª2007 Elsevier Incalso phosphorylated by aPKC. The Numb-PRR/1 region
contains four putative PKC phosphorylation sites. We
produced a series of point mutants and found that both
Ser265 and Ser284 of Numb were involved in phosphory-
lation by aPKC (Figure 5F). When any one or both of these
sites were mutated to Ala, full-length Numb was still
phosphorylated (Figure 5G). Mutations in all three sites
(Numb-full-3A), however, abolished the phosphorylation
by aPKC, indicating that three Ser residues are the major
sites of phosphorylation by aPKC in vitro. These three Ser.
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Integrin Endocytosis and Polarized MigrationFigure 5. Numb Binds to PAR-3 and Is a Direct Target of aPKC
(A) Coimmunoprecipitation of Numb and the PAR complex from HeLa cell lysate.
(B) Numb interacts with PAR-3 and aPKC in vitro. GST-protein-immobilized beads were incubated with COS7 cell lysate expressing the indicated
constructs.
(C) Mapping of the PAR-3 region that is required for binding to Numb.
(D) Deletion and point mutants of Numb for a phosphorylation assay with aPKC.
(E–G) Numb is directly phosphorylated by aPKC at three serine residues. Purified (E) GST-Numb deletionmutants, (F) GST-Numb-PRR point mutants,
and (G) GST-Numb-full point mutants were incubated with recombinant aPKCz in the presence of [32P]ATP in vitro. The gels were stained with a silver
staining to visualize GST fusion proteins (lower panels), followed by autoradiography (upper panels). Red dots indicate each intact band, and several
bands below red dots are all degradation products.
(H) Alignment of the three aPKC phosphorylation sites in Numb homologs (human, chick, Drosophila, C. elegans) by ClustalW. Identical and similar
amino acids are shown in violet and blue, respectively.residues are well conserved from human to chick,
Drosophila, and Caenorhabditis elegans (Figure 5H),
suggesting that phosphorylation may be conserved
(Zhang et al., 2001; Smith et al., 2007).
To prove in vivo phosphorylation of Numb, we gener-
ated the phospho-specific antibody against Ser7 (anti-
pS7-Numb; Figures S5C and S5D). We detected the
phosphorylation of endogenous Numb weakly in HeLa
cells under normal growth conditions (Figure 6B). How-
ever, treatment with calyculin-A, a phosphatase inhibitor
for PP1 and PP2A, increased the phosphorylation level
of Numb in a time-dependent manner, and that increase
was partially suppressed by the PKC inhibitor (Figure 6A).
Thus, a certain population of Numb is constitutively phos-
phorylated and rapidly dephosphorylated by protein
phosphatases, and the total phosphorylation level of
Numb is regulated by both activities.DTo examine whether endogenous aPKC is responsible
for the phosphorylation of Numb in vivo, we suppressed
the expression of both aPKCl and aPKCz by siRNAs,
because both aPKC isoforms are supposed to phosphor-
ylate Numb in vivo. Knockdown of aPKC reduced,
although not completely, the phosphorylation of Numb
(Figure 6B), indicating that Numb is phosphorylated by
aPKC in vivo. The knockdown of PAR-3 partially reduced
the phosphorylation, suggesting that PAR-3 functions as
a scaffold that binds both aPKC and Numb.
aPKC Regulates the Localization and Function
of Numb
We next examined whether phosphorylation of aPKC
affects the localization and functions of Numb. The
expression of aPKC-WT caused the disappearance of
Numb puncta from the substratum-facing surface,evelopmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc. 21
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Integrin Endocytosis and Polarized MigrationFigure 6. aPKC Controls Subcellular Localization and Functions of Numb
(A) Numb is phosphorylated and dephosphorylated in vivo. HeLa cells were treated with 0.1 mMcalyculin-A with control DMSO or 10 mMPKC inhibitor
(bisindolymaleimide [Bis]) for the indicated time periods.
(B) Endogenous aPKC phosphorylates Numb in vivo. HeLa cells were treated with 0.1 mM calyculin-A (Cal-A) for 5 min before lysis, where indicated.
(C) Delocalization of Numb from CCSs by aPKC. The arrow indicates an aPKC-WT-expressing cell. The scale bar is 10 mm.
(D) Localization of Numb to CCSs is dependent on its phosphorylation state. Experimental conditions were the same as those shown in Figure 1D. The
scale bar is 5 mm.
(E) Subcellular fractionation of GFP-Numbmutants. HeLa cell lysates (H) were fractionated into 0.5%Triton X-100 soluble (S) or insoluble (P) fractions.
An equal volume of each lysate was analyzed by immunoblotting. RhoGDI was used as a soluble control.
(F) Phosphorylated Numb reduces binding affinity to integrin-bs, PAR-3, and a-adaptin. GST proteins were incubated with recombinant aPKCz in the
presence or absence of ATP, and then mixed with rat brain lysate.
(G) Mislocalization of Numb to both the apical and basal surface by aPKC knockdown. HeLa cells transfected with siScramble or siaPKC were
replated on fibronectin-coated coverslips.
(H) Numb is phosphorylated by aPKC during migration. Confluent HeLa cells transfected with the indicated siRNA were scratched for the wound-
healing assay and were incubated for the indicated time periods. ‘‘0 hr’’ indicates before wounding.
(I) Phosphorylated Numb after wounding distributes in soluble fraction.
(J) Knockdown of aPKC impairs polarized distribution of Numb and a-adaptin. Four hours after wounding, HeLa cells transfected with siaPKC were
fixed and stained. The cell boundary (each cell morphology) was traced according to the staining of F-actin and a phase-contrast image (data not
shown). The scale bars are 10 mm.
(K) Quantitative analysis for the localization of Numb and a-adaptin in (J). Regions 1–5 are the same as those shown in the schematic in Figure 2B.whereas AP-2-positive CCSs were still observed (Fig-
ure 6C) (Smith et al., 2007). A phospho-mimic mutant
form of Numb, in which all three aPKC phosphorylation
sites were mutated to aspartic acid (GFP-Numb-full-3D),
consistently reduced the localization to CCSs even in
the presence of the a-adaptin-binding DPF motif at the
C terminus (Figure 6D; Figure S2B). Complementary
biochemical fractionation confirmed that GFP-Numb-
full-3D wasmainly distributed in the soluble fraction, com-
pared with GFP-Numb-full (Figure 6E).22 Developmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc.To elucidate the molecular mechanisms for the regula-
tion of Numb by aPKC, we incubated GST-Numb-full
with recombinant aPKCz in the presence or absence of
ATP and then mixed with tissue lysate. Phosphorylated
Numb significantly reduced the binding affinity to integ-
rin-b1, integrin-b3, PAR-3, and a-adaptin (Figure 6F).
GST-Numb-full-3D consistently decreased the binding
to integrin-b1 and integrin-b3 (Figure S5E). Because the
aPKC phosphorylation sites of Numb do not overlap either
with the PTB domain or the C-terminal AP-2-bindingmotif,
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tory mechanism. However, we did not detect any binding
between the N-terminal and C-terminal fragments we
tested (the constructs used are shown in Figure 5D; data
not shown). Thus, phosphorylation seems to affect a
conformational change of Numb that sequesters the bind-
ing site of Numb to integrin and the AP-2 complex. The N-
terminal part of Numb contains clustered acidic amino
acids and binds to phospholipids (Dho et al., 1999; Zhang
et al., 2001). The phosphorylation at Ser7might reduce the
binding affinity to phospholipids and thereby release
Numb from the plasma membrane and receptors in vivo.
Taken together, these results suggest that the functions
of Numb are negatively regulated by aPKC phosphoryla-
tion, and that Numb localization to CCSs is controlled by
both AP-2 binding and its phosphorylation state.
As expected, knockdown of aPKC by siRNAs or the
expression of a dominant-negative mutant aPKC-kinase
dead (KD) did not impair the localization of Numb to
CCSs (data not shown). After replating on integrin sub-
strates, however, inactivation of aPKC caused the misloc-
alization of Numb to CCSs at the apical cell surface in
addition to those at the substratum-facing surface
(Figure 6G). GFP-Numb-full-3A, a nonphosphorylated
form of Numb, more efficiently localized to each CCS at
both the apical and basal surface (Figure 6D; Figures
S2B and S2D) and was distributed in an insoluble pellet
fraction (Figure 6E). Thus, kinase activity of aPKC seems
to be required for the preferential localization of Numb to
the CCSs at the substratum-facing surface.
Integrin-mediated adhesions at the cell front activate
Cdc42 and aPKC in migrating cells (Etienne-Manneville
and Hall, 2001). aPKC plays a role in the establishment
of cell polarization and directional cell migration by phos-
phorylation of several target proteins. We found that the
phosphorylation level of Numb actually increased after
wounding, and that this increase was partially suppressed
by the knockdown of aPKC and PAR-3 (Figure 6H;
Figure S5F). Phosphorylated Numb after wounding was
distributed in the soluble fraction (Figure 6I). Furthermore,
the suppression of aPKC impaired the polarized distribu-
tion of Numb and a-adaptin toward the leading edge after
wounding (Figures 6J and 6K). It remains unclear whether
knockdown of aPKC directly affects Numb localization or
indirectly affects it through actin filaments and integrin
adhesions. Similar mislocalization was observed upon
PAR-3 knockdown (data not shown).
Functional Significance of Numb Phosphorylation
in Integrin Endocytosis and Cell Migration
Finally, we examined the functional significance of Numb
phosphorylation by aPKC. We transfected Numb and
aPKC mutants in HeLa cells and monitored integrin endo-
cytosis and cell migration. GFP-Numb-PTB appeared to
localize to the plasma membrane, but not to CCSs, and
specifically inhibited integrin endocytosis and integrin-
stimulated migration (Figures 7A–7C). However, a phos-
pho-mimic, Numb-PTB-S7D, diffusely localized in the
cytoplasm and partially lost the inhibitory effects ofDNumb-PTB, suggesting that Numb-PTB, but not Numb-
PTB-S7D, functions as a dominant-negative mutant inter-
fering with Numb-integrin binding. In contrast, expression
of Numb-PRR inhibited both integrin and transferrin endo-
cytosis and integrin-stimulated migration (Figures 7B and
7C). These defects were largely abolished by mutations in
the AP-2/Eps15-binding DPF/NPF motifs (Numb-PRR-
DLA/NLA), indicating that Numb-PRR simply perturbs
the AP-2 complex.
If aPKC negatively regulates Numb function in vivo,
ectopic activation of aPKC could inhibit integrin endocyto-
sis. Indeed, expression of aPKC-WT impaired integrin
endocytosis, but not transferrin endocytosis (Figure 7B),
whereas aPKC-KD only slightly suppressed integrin endo-
cytosis. Both aPKC-WT and aPKC-KD suppressed integ-
rin-stimulated cell migration (Figure 7C), suggesting that
proper activation of aPKC at a defined area seems to be
important for integrin-stimulated cell migration. The rea-
son why aPKC-KD more profoundly suppressed cell
migration than aPKC-WT could be due to the fact that
aPKC controls cell polarization and migration through
several targets (Suzuki and Ohno, 2006). Knockdown of
aPKC and PAR-3 also suppressed integrin endocytosis
and cell migration (Figure S6). Taken together, these
results suggest that Numb phosphorylation by aPKC is
important for integrin endocytosis and integrin-stimulated
cell migration.
To examine the physiological significance of Numb
phosphorylation, we performed rescue experiments with
Numb mutants (Figure 7D). The expression of sr-GFP-
Numb-PTB, GFP-Numb-PRR, and sr-GFP-Numb-full-
DLA/NLA did not rescue the defects (Figures 7E–7G),
indicating that both the integrin-binding domain and the
localization domain to CCSs are essential for the functions
of Numb. sr-GFP-Numb-full-3A did not rescue the de-
fects, similar to sr-GFP-Numb-full-3D, raising the possibil-
ity that a nonphosphorylated Numb mutant does not
function as a constitutively active form. We monitored
the behavior of GFP-Numb mutants over time. Puncta la-
beled by GFP-Numb-full displayed cycles of appearance
and disappearance at the substratum-facing surface
(Figure S7A), which resembles the phenomena reported
for GFP-clathrin or GFP-a-adaptin (Perrais and Merrifield,
2005), suggesting that the appearance and disappear-
ance of puncta would partially correlate with the formation
of CCSs and the uncoating of clathrin-coated vesicles, re-
spectively. However, many puncta of GFP-Numb-full-3A
were static and persistent throughout the observation
(Figure S7B). Expression of Numb-full-3A indeed inhibited
both integrin and transferrin endocytosis aswell as cell mi-
gration (Figures 7B and 7C). Taken together, these results
suggest that cycling of phosphorylation and dephosphor-
ylation of Numb is important for the functions of Numb in
integrin endocytosis and directional cell migration.
DISCUSSION
Our observations indicate that Numb localizes at a part of
CCSs and functions in integrin endocytosis as a cargo-evelopmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc. 23
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(A) Numb-PTB, but not Numb-PTB-S7D, inhibits integrin-b1 endocytosis. HeLa cells were reseeded on PDL-coated coverslips for 1 hr, followed by an
internalization assay with anti-integrin-b1 antibody (bottom). Arrows indicate transfected cells. The scale bar is 20 mm.
(B) Effects of aPKC and Numb mutants on integrin and transferrin endocytosis. Under the same conditions in (A), endocytosis-positive cells with
perinuclear accumulation of internalized marker were counted. Asterisks and double asterisks indicate a significant difference (p < 0.05 and p <
0.01, respectively) from the value of control GFP-transfected cells. D/N, DLA/NLA mutant.
(C) Effects of aPKC and Numb mutants on integrin-stimulated cell migration. The Boyden chamber migration assay toward fibronectin was per-
formed.
(D) Expression of the siRNA-resistant (sr)-Numb construct in HeLa cells.
(E) Quantitative analysis for the effects of sr-Numb mutants on integrin-b1 endocytosis. Asterisks indicate a significant difference (p < 0.01) from the
value of control siScramble with GFP-transfected cells.
(F) Effects of sr-Numb mutants in integrin-stimulated cell migration. HeLa cells were transfected with the indicated siRNA and GFP constructs along
with GST, and the Boyden chamber migration assay toward fibronectin was performed. Membranes were stained with anti-GST antibody to visualize
migrated cells. The scale bar is 100 mm.
(G) Quantitative analysis for the migration assay shown in (F). Asterisks indicate a significant difference (p < 0.01) from the value of control siScramble
with GFP-transfected cells.selective adaptor. Integrin is thought to be recycled from
the tail to the front of migrating cells by endocytosis. How-
ever, many focal adhesions or focal complexes formed at
the cell front disassemble behind the F-actin-rich lamelli-
podia (Webb et al., 2002; Ridley et al., 2003). Numbmainly
accumulated behind lamellipodia, although a certain pop-
ulation of Numb still remained and colocalized with integ-
rin at the trailing edge. In addition, localization of Numb
among CCSs correlated with the position of integrin adhe-
sions, supporting the role of Numb in integrin endocytosis.
Talin is a key molecule that tethers integrin to components
of focal adhesions and actin stress fibers and is critical for
focal-adhesion disassembly (Franco et al., 2004). Muta-24 Developmental Cell 13, 15–28, July 2007 ª2007 Elsevier Intion of a conserved tyrosine residue within the integrin-
b3 intracellular domain abolished the binding of both talin
and Numb (Calderwood et al., 2003), suggesting that talin
and Numb cannot bind to integrin simultaneously. Consis-
tent with these observations, we were unable to detect the
interaction of Numb with talin. In addition, the binding of
Numb to integrin does not activate the integrin extracellu-
lar domain, whereas the binding of talin does activate it
(Calderwood et al., 2002). The overexpression or knock-
down of Numb did not directly affect cell adhesion.
Thus, it appears that Numb does not actively promote
focal-adhesion disassembly, but rather recruits free integ-
rins without the components of focal adhesions to thec.
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Integrin Endocytosis and Polarized MigrationAP-2 complex for internalization. Preferential localization
of Numb around focal adhesions at the substratum-facing
surface would facilitate recruitment of integrin during focal
adhesion disassembly.
Recent genetic screening isolated Numb as a mutant
defective for peripheral glia migration along axons in
Drosophila (Edenfeld et al., 2007). Migration defects of
postmitotic neurons have been described in Numb-
knockout mice (Klein et al., 2004), indicating that Numb
regulates particular cell migration in vivo. However, the
defects of Numb knockdown on integrin endocytosis
and cell migration are less marked than those of AP-2
and clathrin knockdown, suggesting that another adaptor
molecule(s) may function in integrin endocytosis. A good
candidate is disabled-2 (Dab2), which has a similar
domain structure as Numb and binds to both components
of clathrin-mediated endocytosis and to integrin-b (Morris
and Cooper, 2001; Mishra et al., 2002; Calderwood et al.,
2003). Dab2 is expressed in HeLa cells and positively
controls cell adhesion and spreading (Rosenbauer et al.,
2002). In contrast to Numb, Dab2 appears to preferentially
localize to the apical surface (Morris and Cooper, 2001).
Thus, Numb and Dab2 may coordinately function in integ-
rin endocytosis in different subcellular compartments for
cell motility.
How does Numb localize at the substratum-facing
surface and polarize toward the leading edge? Integrin
adhesions could activate several intracellular signaling
events and promote protein transport to adhesion sites
by targeting microtubules and linking actin stress fibers
(Ridley et al., 2003; Small and Kaverina, 2003). We found
that the actin cytoskeleton and/or adhesion itself are
important for the preferential localization of Numb around
adhesions. However, Numb still localized at the substra-
tum-facing surface in the presence of cytochalasin-D,
indicating that an additional mechanism may exist. Our
observations indicate that direct phosphorylation by
aPKCmay be a part of the regulatory mechanism underly-
ing Numb localization at the substratum-facing surface. In
addition, polarized localization of Numb toward the lead-
ing edge was lost upon aPKC knockdown. In support of
these observations, asymmetric localization of Numb in
Drosophila has been shown to be dependent on cortical
actomyosin and the polarized localization/function of
aPKC and PAR-3 (Lu et al., 1999; Betschinger and
Knoblich, 2004; Roegiers and Jan, 2004). Conclusive
evidence will require isolation of the responsible motor(s)
and anchor protein(s) for specific Numb localization.
We found that Numb-full-3A did not function as a consti-
tutively active form that promotes integrin endocytosis
and cell migration, but rather inhibited these processes.
Similarly, both the phospho-mimic and nonphosphory-
lated form of m2-adaptin, which is phosphorylated by
AAK1, inhibit transferrin endocytosis (Conner and Schmid,
2002), suggesting that clathrin-mediated endocytosis is
tightly controlled by cycles of phosphorylation and
dephosphorylation. Additional phosphorylation during
endocytosis may be required for the dissociation of
Numb from the binding proteins, integrin-b, and a-adap-Dtin. Numb is indeed phosphorylated by several PKCs
and CaMKs (Tokumitsu et al., 2005; Smith et al., 2007),
and phosphatase inhibitor dramatically increases the
phosphorylation level of Numb. Thus, local phosphoryla-
tion and dephosphorylation seems to allowNumb to local-
ize defined CCSs around adhesion sites.
Trafficking of internalized integrin is regulated by growth
factors and the extracellular matrix through several adap-
tors/kinases, including PI3-kinase, PKB/Akt, GSK3b, and
PKCs (Jones et al., 2006; Pellinen and Ivaska, 2006). Sev-
eral growth factors and adhesions indeed promote the re-
cycling of integrins, leading to the upregulation of cell-sur-
face expression (Powelka et al., 2004; Woods et al., 2004;
Li et al., 2005), whereas treatment of cells with PDGF does
not affect the internalization rate of integrin (Roberts et al.,
2001). The degree of colocalization and interaction of
Numb with integrin-b1 was not significantly altered in
HeLa cells before and after wounding (data not shown).
These data suggest that Numb functions constitutively in
integrin endocytosis, although it is possibile that polarized
migration promotes the internalization rate and amount of
integrin endocytosis. It might be difficult to detect the
changes in the interaction of Numb and integrin during mi-
gration due to the nature of rapid cycling of endocytosis
and exocytosis and possibly due to the transient interac-
tion. It has been reported that the inhibition of directional
membrane trafficking causes membrane extension in all
directions (Shirane and Nakayama, 2006). Membrane traf-
ficking controls the directionality of migrating cells (Prigoz-
hina andWaterman-Storer, 2006). Taking into account the
fact that Numb localization becomes polarized coinci-
dently with directional migration, the subcellular region
at which integrin is internalized and the subsequent
coupling with the recycling processes could be important
for efficient cell migration suitable for the particular
environment.
EXPERIMENTAL PROCEDURES
Materials and Biochemical Experiments
See Supplemental Data.
Cell Culture and Immunofluorescence Analysis
ECV304, HeLa, and Vero cells were cultured in DMEM with 10% fetal
bovine serum, and transfection was performed by using Lipofectamin
or Lipofectamin2000 (Invitrogen), according to the manufacturer’s
instructions. We used HeLa cells for the functional assay, because
transfection and knockdown efficiency were less effective in Vero
and ECV304 cells. Cells were fixed at indicated periods with 3.7%
formaldehyde in PBS for 10 min at room temperature, followed by
treatment for 10 min with 0.2% Triton X-100 that contained 2 mg/ml
BSA or cold methanol. The cells were observed with a confocal laser
microscope (LSM510; Carl Zeiss) built around an Axiovert 100 M
(Carl Zeiss) to acquire images for presentation and quantification or
with a Zeiss Axiophoto microscope (Carl Zeiss) for counting cell mor-
phology and internalized markers. All presented images represent
a single confocal section (thickness of 0.8–1.0 mm) corresponding to
an area of the plasma membrane close to the substrate (substratum-
facing surface), except as noted in the figure legend. The x-z images
are projection views of confocal sections (thickness of 0.8–1.0 mm,
width of 3–5 mm).evelopmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc. 25
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Oligonucleotide siRNA duplex was synthesized by Japan Bio Service
(Saitama, Japan). siRNA sequences were as follows: siScramble,
50-CAGTCGCGTTTGCGACTGG-30; siNumb, 50-GGACCTCATAGTT
GACCAG-30; siaPKCz, 50-AGAGGATCGACCAGTCAGA-30; siaPKCl,
50-CGAACAGCTCTTCACCATG-30; and siPAR-3, 50-GGCATGGA
GACCTTGGAAG-30.
siRNA sequences of m2-adaptin and clathrin-heavy-chain were used
for targeting AP-2 complex or clathrin, as described by Motley et al.
(2003). sr Numb was generated by changing the targeted sequences
of siNumb to the sequence 50-GGACCTCATTGTAGACCAG-30 (mu-
tated nucleotides are underlined) by PCR-based site-directed muta-
genesis. The transfection of siRNA in HeLa cells was carried out with
Oligofectamine reagent (Invitrogen), according to the manufacturer’s
instructions. Cells were analyzed at 3 days after transfection. For res-
cue experiments, cells were transfected with the intended plasmid,
along with siRNA at 36 hr after transfection, by using Lipofectamin
(Invitrogen). At 24 hr after transfection, cells were fixed or analyzed
as follows.
Quantification of Protein Localization
The images of cells were captured with LSM 510, and fluorescence
intensity quantification was performed with ImagePro analysis (Media
Cybernetics). For the distribution of proteins in migrating cells, fluores-
cent intensity was measured in five equally divided regions as a func-
tion of the direction of the migration in each cell. Average fluorescence
intensity per area was determined by dividing the sum of all pixel inten-
sities by the measured area after subtraction of the background. Data
were compared as a function of the percentage of total intensity in the
five measured regions. All compared images were acquired under
identical parameters. Data represent the mean and SEM of 20–25
cells.
For the localization of proteins at the adhesion area, we adapted
a method described by Ezratty et al. (2005). Total fluorescent intensity
was measured in an adhesion area (5 mm circle in a diameter contain-
ing a visible adhesion marker, either vinculin or GFP-zyxin) and an
adjacent nonadhesion area (same circle without visible adhesion
marker), and the background signals were subtracted. All compared
images were acquired under identical parameters. Data represent
the mean and SEM of a total 70–100 areas from 10–15 cells in each
condition.
Cell Motility Assay
Integrin-stimulated cell migration was evaluated by the modified Boy-
den chamber migration assay by using Transwell (Costar) 24-well tis-
sue culture plates composed of a polycarbonate membrane with 5 mm
pores. The lower side of the membrane was coated with 10 mg/ml
PDL (Sigma), 10 mg/ml fibronectin (BD Biosciences), or 40 mg/ml
collagen type I (Sigma) for 4 hr and was blocked with serum-free
DMEM containing 0.5% bovine serum albumin (BSA) for 1 hr at
37C. HeLa cells were suspended in 0.25% trypsin, neutralized with
10 mg/ml soybean trypsin inhibitor (Sigma), and harvested in DMEM
containing 0.5% BSA. The cells were seeded on the upper chamber
at 1 3 105 cells and were incubated for 4 hr. The cells that migrated
to the lower side of the membrane were fixed and stained with phalloi-
din or anti-GST antibody against cotransfected GST as a fill marker for
rescue experiments. Migrating cells were evaluated by the average
fluorescence intensity of phalloidin or GST signals in six randomly
chosen fields for each condition. All compared images were acquired
under identical parameters. The data are normalized with the average
fluorescence intensity of GST signals in each aliquot plated on PDL-
coated coverslips.
For the spreading assay, cells were replated on collagen-, fibronec-
tin-, or PDL-coated coverslips, as described above, in serum-free
DMEM containing 0.5% BSA for the indicated time period, fixed, and
processed for immunofluorescence analysis. At least 100 cells in
each condition were counted at each time point. Data represent the
mean and SD of at least three independent experiments.26 Developmental Cell 13, 15–28, July 2007 ª2007 Elsevier Inc.For the wound-healing assay, cells were replated on dishes or colla-
gen-coated coverslips at a high density. At 24 hr after seeding, cells
were scratched by pipette tip or 18G-needle and incubated for the
indicated time period in the presence of serum. Phase-contrast
images corresponding to the same area in a glass-bottom dish were
acquired shortly after and 6 hr after wounding andwere superimposed.
The average migration distance was determined by dividing the
migrating area evaluated by tracing the cell front at each time point
by the measured width. Data represent the mean and SD of at least
30 independent fields in each condition from 2 independent experi-
ments. For biochemical analysis, 50% of the cells were scraped
away bywounding several times across the dish, and the remaining at-
tached cells were assessed.
Internalization Assay
For the analysis of integrin internalization, we adapted an immunohis-
tochemical assay based on those described previously (Kamiguchi
and Lemmon, 2000; Roberts et al., 2001; Nishimura et al., 2003).
HeLa cells were reseeded on PDL-coated coverslips in DMEM con-
taining 0.5% BSA. At 1 hr after reseeding, live cells were incubated
withmouse anti-integrin-b1 (MAB1981, Chemicon) or rabbit anti-integ-
rin-b3 antibodies (AB1932, Chemicon), which recognize the extracellu-
lar domain of integrin, for 20 min at 37C to allow for internalization of
antibody-bound integrin. After being rinsed at 4C, the cells were fixed
and incubated with an excess amount of unconjugated anti-mouse or
anti-rabbit IgG (Jackson Laboratories) to block the antibody remaining
on the cell surface. The cells were permeabilized with 0.2% Triton
X-100. Internalized integrins were then visualized with fluorescence-
conjugated secondary antibody. To visualize cell-surface integrin,
fixed cells were incubated with fluorescence-conjugated secondary
antibody without permeabilization. For internalization of transferrin,
cells were incubated with 20 mg/ml tetrametylrhodamine-conjugated
transferrin (Molecular Probes) in culture medium for 10 min at 37C.
For quantification of the internalization assay, the total fluorescent
intensity per cell area was measured in the front cells at the wound
edge, according to the staining of F-actin. Data represent the mean
and SEM of 40–50 cells in each condition. All images were acquired
under identical parameters. Data are representative of two indepen-
dent experiments. For Figure 4D, the cell area was traced according
to the staining of phalloidin or GST signals, and the mean fluorescence
intensity per pixel of internalized marker was determined by dividing
the sum of all pixel intensities by the cell area for at least 100 cells in
each condition. Approximately 80% of the cells showed perinuclear
accumulation of integrin or transferrin signals in siScramble-trans-
fected cells or untreated cells. Thus, endocytosis-positive cells were
scored as the percentage of cells that had a higher intensity than the
lowest 20% of the control cells. All compared images were acquired
under identical parameters. For Figure 7B, internalization-positive cells
were counted as a cell with perinuclear accumulation of each internal-
ized marker. Data represent the mean and SD of three independent
experiments.
Of note, our assay for integrin endocytosis cannot discriminate the
place at which integrin is internalized throughout the plasma mem-
brane, such as the apical and basal surfaces. In addition, it is possible
that antibody treatment may have affected the internalization rate.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, and seven figures and are available
at http://www.developmentalcell.com/cgi/content/full/13/1/15/DC1/.
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